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© An adaptive control system for an artificial limb 
has a piston and cylinder assembly for controlling 
knee joint flexion, an electronically driven motorised 
valve for varying the damping effect of the assem- 
bly, a proximity sensor for sensing knee flexion, and 
a processor circuit for mounting on the limb. The 
system also has a radio receiver connected to the 
processor circuit and an operator control unit for 
remote transmission of command signals to the re- 
ceiver. In a teach mode, the system allows an oper- 
ator to increment the valve opening by remote con- 
trol to optimise operation of the limb, and to cause 
the processor circuit to record selected valve open- 
ings in conjunction with average step period values 
which are produced automatically by the system 
during use of the limb. Recording a new selected 
valve opening causes the processor circuit on the 
limb automatically to calculate a set of control data 
relating valve openings to walking speed ranges. 
This set of control data is used in a playback mode 
of the system for automatically adjusting the valve 
opening during normal use of the limb. 
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This invention relates to an adaptive prosthesis 
control system and a control method with specific 
relevance to the electrical control of knee flexion 
and/or extension in a lower limb prosthesis for an 
above-knee amputee. 

British Patent Application No. GB 2216426A 
discloses a lower limb prosthesis having a pneu- 
matic cylinder assembly interconnecting the thigh 
and shin components of the prosthesis to provide 
resistance to knee flexion and extension during the 
swing phase of the walking cycle. The cylinder 
includes a valve which is adjustable using a step- 
per motor to alter the degree of resistance accord- 
ing to signals received from a microcomputer con- 
trol system which senses walking speed, so that 
resistance to movement of the shin component 
about the knee axis during the swing phase is 
varied as the walking speed varies. The control 
system is patient-adaptable in the sense that its 
operation is adapted to suit the individual amputee. 
This is achieved by operating the control system 
initially in a teaching mode and performing walking 
tests in which the system is calibrated at different 
walking speeds to achieve the best gait. 

Experience has shown that operating the sys- 
tem in a teaching mode to achieve the best set- 
tings can be awkward and time consuming. It is an 
object of this invention to provide an improved 
control system which is more convenient in use. 

According to one aspect of this invention, an 
adaptive prosthesis control system for an artificial 
limb comprises: a limb movement control device 
for mounting on the limb; a sensor for generating 
electrical sensor signals in response to movement 
of the limb; an electronic processing circuit elec- 
trically coupled to the sensor and the control de- 
vice; a remote operator control unit for the trans- 
mission of command signals to the limb; and a 
receiver to form part of the limb and coupled to the 
processing circuit for receiving the command sig- 
nals; wherein the processing circuit includes data 
generating means operable in a teach mode and a 
playback mode of the processing circuit automati- 
cally and repeatedly to generate measurement data 
values related to the speed of operation of the limb 
in response to the sensor signals, control device 
setting means operable in both modes to feed 
setting signals to the control device for adjusting a 
parameter of the control device, the setting means 
further being operable in the teach mode to feed 
the setting signals to the control device according 
to parameter values generated in the processing 
circuit in response to the command signals re- 
ceived by the processing circuit via the receiver 
from the remote control unit for adjusting the con- 
trol device parameter under operator control during 
operation of the limb, means for processing the 
parameter values representing selected settings of 
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the control device together with the associated said 
measurement data values to generate a set of 
control data representing a relationship between 
speed of limb operation and control device set- 

5 tings, and storage means for storing the set of 
control data, the setting means being further op- 
erable during the playback mode as the limb is 
operated to process the resulting said measure- 
ment data values in conjunction with the stored set 

ro of control data to generate the said setting signals 
for the control device, whereby the control device 
is automatically adjusted according to the speed of 
the limb operation. 

The invention is particularly applicable to the 

75 control of an above-knee lower limb prosthesis, the 
control device being a knee flexion control device, 
and the control device parameter being the resis- 
tance of the device to movement at the knee joint. 
In this way it is possible for a prosthetist to cali- 

20 brate the control system by a series of relatively 
short walking tests using the remote operator con- 
trol unit without the constraints imposed by having 
to stay close to the patient to make adjustments to 
the system. The determination of walking speed is 

25 automated and is continuously measured and up- 
dated by the processing circuit, thereby removing 
much of the effort associated with the prior system. 
The system allows considerable simplification of 
the calibration procedure bringing benefits in terms 

30 of a shorter procedure and the reduced possibility 
of patient fatigue. 

In the preferred system in accordance with the 
invention, the processing circuit includes saving 
means responsive to a further command signal 

35 received via the receiver from the remote control 
unit to feed automatically to the storage means 
signals representative of the measurement data 
value and the parameter value associated with a 
selected instant in time for each of a plurality of 

40 different limb operation speeds. In addition, the 
data generating means may be arranged to store a 
step period value in a storage element repeatedly 
during the teach mode, the stored value in the 
storage element thereby being updated continu- 

45 ously to provide a signal representative of the step 
period existing immediately before a further com- 
mand signal as mentioned above is received. The 
data generating means may also be continuously 
operable to generate the step period values as a 

so running average of a plurality of step periods, and 
the processing circuit preferably include means for 
calculating automatically a series of step period 
boundary values based on optimum step period 
values determined during the teaching mode to 

55 define a series of speed ranges, this occurring 
automatically when the saving means responds to 
the further command signal from the operator unit. 
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In effect, the processing circuit in the limb 
provides on-line interactive processing in the teach 
mode in the sense that the operator control unit 
allows a command signal to be issued which ini- 
tiates a test routine or test "window". The test 
routine or window is terminated by the saving 
means in response to the above-mentioned further 
command signal. Whenever the receiver is 
switched on, it is preferred that the processing 
circuit continuously provides data measurement 
values representative of the speed of limb opera- 
tion and uses the stored control data set to set the 
control device using the setting means, when a 
command signal is issued to initiate the test routine 
or window, in particular a command signal which 
designates a particular walking speed, the process- 
ing circuit allows the operator to set the control 
device using the operator control unit, the set pa- 
rameter value being stored in a special register so 
that when the further command signal is issued it is 
the parameter value in the special register that is 
saved. The test routine for that designated having 
been terminated, the control data set is recalculat- 
ed and the processing circuit reverts to automatic 
setting of the control device using the recalculated 
control data set. The prosthetist may then continue 
in the teach mode by issuing another command 
signal, e.g. for different walking speed, again initiat- 
ing a test routine or window, and so on until a 
satisfactory control data set is produced. This data 
set can then be stored in a more permanent form, 
thereby ending the teach mode. Thus the teach 
mode may be regarded as including a plurality of 
operator defined test windows for different walking 
speeds, between which the system automatically 
sets the control device. 

The values of the flexion control device param- 
eter obtained at different walking speeds at the 
selected instants referred to above may be used 
by the processing circuit to calculate automatically 
interpolated parameter settings to provide a com- 
plete set of parameter settings to correspond to the 
different step period ranges. Typically, the teach 
mode allows the operator to designate three walk- 
ing speeds so that three average step period val- 
ues are measured and stored together with three 
corresponding parameter values. In the preferred 
embodiment, the processing circuit is arranged to 
calculate from the stored data four boundary or 
threshold step period values defining boundaries 
between five speed ranges, which can be referred 
to as slow, medium slow, normal, medium fast, and 
fast. These boundary values are stored in a non- 
volatile memory along with the three optimum pa- 
rameter values determined during the walking tests 
and two automatically calculated intermediate pa- 
rameter values to yield a set of five parameter 
settings for use during the playback mode accord- 



ing to which of the five step period ranges the step 
period corresponds at any given time during use of 
the prosthesis. 

It is preferred that the communication link be- 

5 tween the operator unit and the receiver is a one- 
way radio frequency link. The control unit may 
simply possess keys for designating walking 
speeds (e.g. slow, normal, fast), one or more con- 
trols for increasing and decreasing the flexion con- 

w trol device parameter value, and a control for sav- 
ing optimum parameter values determined during 
the walking tests in conjunction with concurrently 
measured step period values. 

The preferred knee flexion control device is a 

75 pneumatic piston and cylinder assembly intercon- 
necting a thigh component of the prosthesis with a 
shin component so as to resist flexion and/or ex- 
tension to varying degrees according to the degree 
of opening of a stepper motor adjustable valve in 

20 the piston. The preferred flexion control device 
parameter is thus resistance to flexion or extension, 
which may be expressed as the orifice area of a 
passage in communication with one or both cyl- 
inder spaces defined within the cylinder by the 

25 piston and the cylinder walls. The sensor may be a 
magnetic proximity sensor associated with the pis- 
ton and cylinder assembly, comprising a perma- 
nent magnet mounted on or associated with the 
piston and a magnetically sensitive transducer 

30 mounted on or associated with the cylinder (or vice 
versa) to produce a pulsed electrical signal, one 
pulse being generated for each step taken. From 
this pulsed signal it is possible to determine the 
step period, it is to be understood that, while the 

35 step period is used in the description of the inven- 
tion in this specification as a measure of the speed 
of walking, it is also possible to use signals directly 
or indirectly representing the step rate or speed. 
The preferred embodiment includes means for 

40 counting the number of steps to generate a record 
of limb use. 

According to another aspect of the invention, 
there is provided a method of controlling an artifi- 
cial limb in which, during a teach phase, movement 

45 of the limb is automatically and repeatedly mon- 
itored by electronic means forming part of the limb 
with a series of measurement data values related to 
the speed of operation of the limb being generated 
in the electronic means, a remote control unit is 

50 operated in conjunction with a receiver forming part 
of the limb during operation of the limb to transmit 
command signals to the limb which are processed 
by the electronic means to generate setting signals 
for adjusting a limb movement control device of the 

55 limb with the object of improving limb operation, 
data generated in the electronic means and repre- 
senting selected settings of the control device are 
processed in the electronic means together with 
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the associated said measurement data values to 
generate a set of control data representing a rela- 
tionship between speed of limb operation and con- 
trol device settings, and the set of control data is 
then stored in the electronic means, and in which 
method, during a playback phase, the movement of 
the limb is automatically and repeatedly monitored 
by the electronic means to generate a series of 
measurement data values related to the speed of 
operation of the limb which are the processed by 
the electronic means in conjunction with the stored 
set of control data to generate appropriate control 
device setting signals for automatically adjusting 
the control device according to the speed of limb 
operation. Preferred features of the method of the 
invention are set out in the dependent claims. 

The invention also includes a lower limb pros- 
thesis including the knee flexion control device, 
processing circuit and receiver of the control sys- 
tem referred to above, the control device being 
secured to a thigh component and a shin compo- 
nent of the prosthesis. The combination of the 
prosthesis and the operator remote control unit 
constitute a limb system which allows a prosthetist 
to calibrate the prosthesis in a particularly effective 
and efficient way. 

The invention will now be described by way of 
example with reference to the drawings in which:- 
Figure 1 is a partly sectioned side elevation of 
part of a lower limb prosthesis incorporating a 
flexion control device and electronic control ele- 
ments; 

Figure 2 is a block diagram of a prosthesis 
control system in accordance with the invention; 
Figure 3 is a plan view of an operator control 
unit; 

Figure 4 is a flow chart illustrating start-up and 
shut-down phases of a program forming part of 
the control system; 

Figure 5 is a teach mode speed measurement 
flow chart of the program; 
Figure 6 is a teach routine flow chart of the 
program; and 

Figure 7 is a playback routine flow chart of the 
program including playback mode speed mea- 
surement. 

A lower limb prosthesis incorporating part of a 
control system in accordance with the invention is 
shown in Figure 1. The prosthesis has a knee joint 
10 with a knee pivot 12 connecting a thigh compo- 
nent 14 to a shin component 16. The thigh compo- 
nent comprises a knee chassis 14A, an alignment 
device 14B, and a stump socket 14C. The shin 
component 16 has a conventional carbon fibre re- 
inforced plastics shin cradle 16A which houses a 
piston and cylinder assembly 18 acting as a flexion 
control device. The assembly 18 comprises a cyl- 
inder 18A which is pivotally coupled to the pos- 



terior part of the shin cradle 16A and a piston 18B 
having a piston rod 18C which is pivotally coupled 
to the knee chassis 14A. The piston and cylinder 
assembly 18 is a pneumatic device, the resistance 

5 to flexion of the knee joint being controlled by a 
needle valve 18D which is adjustable by an elec- 
trical stepper motor 20 and an associated screw- 
threaded shaft 20A connected to the needle mem- 
ber of the needle valve. The needle valve 18D lies 

jo in a passage 18E in the body of the cylinder 18A, 
the passage 18E interconnecting the cylinder inte- 
rior spaces 18F, 18G on opposite sides of the 
piston 18C, the passage emerging at a port 18H in 
the wall of the cylinder. Operation of the motor 20 

is causes the shaft 20A to move axially so that the 
needle member moves into or out of a passageway 
forming part of passage 18E. 

The passage 18E constitutes a first bypass 
passage interconnecting the cylinder spaces on 

20 opposite sides of the piston 18C. A second bypass 
passage 181 incorporating a valve such as a one- 
way valve 18J is formed in the piston 18C so that 
the needle valve 18D is effective only on one 
stroke of the piston, in this case the stroke cor- 

25 responding to increasing flexion of the knee joint 
10. The one-way valve 18J may be arranged so as 
not to close-off the second bypass passage 181 
completely on the increasing flexion stroke, but 
rather merely to reduce the orifice area through the 

30 piston 18C. Such an arrangement has the effect of 
the needle valve 18D determining the resistance to 
motion of the piston 18C in both directions, i.e. for 
increasing and decreasing flexion, but with the ef- 
fect of variations in the orifice area of the needle 

35 valve 18D being greater in one direction than the 
other, depending on the direction of operation of 
the valve 18J. 

It is also possible to include a one way valve in 
the passage communicating with port 18H. The 

40 stepper motor 20 and its threaded shaft 20A are 
mounted in the body of the cylinder 18, preferably 
adjacent the pivotal coupling 21 of the cylinder 18 
to the shin 16. 

The stepper motor is driven by the combina- 

45 tion of a microcomputer and receiver which to- 
gether form assembly 22. The microcomputer de- 
termines knee flexion and extension movements by 
means of a magnetic proximity sensor comprising 
a first part, preferably a transducer 24A, mounted 

so in or associated with the cylinder 18A (a second 
part, preferably) a permanent magnet 24B mounted 
on or associated with the piston 18B. The elec- 
tronic circuitry 22 and the stepper motor 20 are 
powered by batteries, one of which is shown in 

55 Figure 1 and indicated by the reference 26. The 
receiver has a receiving antenna formed as a con- 
ductor track on the printed circuit board bearing 
components of the microcomputer and receiver. 
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The electronic circuitry 22 is shown in more 
detail In Figure 2. More particularly, the circuitry 
comprises the receiver 30 coupled to an antenna 
28 and a processor circuit 32 which receives de- 
modulated signals via input 34 and controls the 
receiver via output 36. A non-volatile memory in 
the form of an EEPROM 38 stores walking speed 
and valve setting data 38 produced by the proces- 
sor circuit 32, and writes such data to the proces- 
sor circuit 32 when required. 

The processor circuit 32 includes an output 
driver for driving the stepper motor 20 which in turn 
moves the needle valve 18D, and it has an input for 
receiving pulses from the flexion sensor 24 com- 
prising transducer 24A and magnet 24B (See Fig- 
ure 1). 

The receiver 30 preferably receives radio fre- 
quency (RF) signals via the receiving antenna 28 
from an operator control unit 40 shown in block 
diagram form in Figure 2 and in plan view in Figure 
3. The control unit 40 has a control code generator 
42 responsive to operation of keys 44 on the face 
of the control unit 40. The control codes generated 
by the generator 42 are modulated and transmitted 
by an RF transmitter 46 which feeds RF output 
signals to a transmitting antenna 48 within the 
control unit 40 for transmission to the receiving 
antenna 28 on the limb. A battery 49 housed within 
the control unit 40 powers both control code gener- 
ator 42 and the transmitter 46. 

Referring to Figure 3 the keys of the control 
unit 40 are divided into four groups. The first group 
comprises START and EXIT keys which are used 
by the prosthetist to start and exit a teach mode of 
the control system for programming optimum valve 
settings for different walking speeds. The receiver 
30 on the limb has a beeper (not shown) which 
sounds whenever one of the keys 44 is pressed 
and a corresponding signal is received, allowing 
the prosthetist to check the receiver is on and 
within range. 

A second group of keys is for designating 
particular walking speeds. These SELECT SPEED 
keys comprise a SLOW key, a FAST key, and a 
NORM (normal) key. Thus, when the prosthetist 
wants to carry out a walking test at a normal 
speed, he presses the NORM key and the system 
then performs a teach sequence for that particular 
speed. The SLOW and FAST keys are used simi- 
larly for designating walking tests as slow and fast 
tests respectively. 

During the walking tests, the prosthetist adjusts 
the swing phase resistance produced by the flexion 
control device using a group of ADJUST VALVE 
keys comprising an OPEN key and a CLOSE key 
for respectively decreasing swing resistance and 
increasing swing resistance. A SAVE key and a 
CANCEL key are used for saving optimum resis- 



tance (i.e. orifice size or area) settings and for 
erasing unwanted settings. In this manner the pros- 
thetist can improve and, indeed, optimise the func- 
tioning of the control device at different limb opera- 

5 tion speeds. In effect, the system is calibrated so 
as to be able to adjust the control device automati- 
cally to suit the individual wearer. 

The receiver 30 or processor circuit 32 may 
include means (not shown in the drawings) for 

70 giving a visual or audible signal when the receiver 
is switched on and/or when particular keys are 
pressed on the operator control unit. 

Operation of the system will now be described 
with reference to Figures 4 to 7. Referring firstly to 

75 Figure 4, which shows start-up and shut-down 
phases of a program run by the microcomputer to 
cause the system to run in a teach mode, activa- 
tion of the receiver 30, which remains off during a 
playback mode of the system to save battery pow- 

20 er, is performed by flexing the prosthesis at the 
knee in a particular manner. Specifically, the pa- 
tient flexes the limb fully, counts 10 seconds, then 
extends the limb within 10 seconds, and flexes it 
again. This produces a particular sequence of sig- 

25 nals from the flexion sensor shown as 24A, 24B in 
Figure 1 which are recognised by the processor 
circuit 32 as an activation code, and the receiver 
30 is switched on via tine 36 (Figure 2) (step 50 in 
Figure 4). Having activated the receiver 30, the 

30 software causes the processor circuit 32 to monitor 
the receiver output (step 52) for a signal from the 
operator control unit. In the absence of any signal 
for longer than a predetermined period (e.g. 4 
minutes), the processor circuit 32 causes the re- 

35 ceiver to be switched off again (steps 54 and 56). 
Absence of the signal from the operator control unit 
also causes the processor to operate the playback 
routine (step 58), which will be described below. 
As soon as the signal from the operator control 

40 unit is detected, the processor circuit undergoes a 
valve homing procedure (step 60). This is a proce- 
dure to allow the step motor and needle valve of 
the knee flexion control device to be set with 
respect to a predetermined reference position. In 

45 fact, the stepper motor 20 (Figure 1) is fed with 40 
valve closing step signals to move the needle valve 
18D to the fully closed position. This is designated 
the zero reference position by the processor cir- 
cuitry. A default value of a valve setting for the 

50 inactive state or slowest walking speed, or a pre- 
viously saved valve setting for the inactive state or 
the slowest walking speed stored in the EEPROM 
store 38 is then read into the processor circuit 32 
which has a "sitting and standing" register set up 

55 for the setting. This causes the stepper motor to 
move from the zero reference position to the ap- 
propriate valve setting. The valve homing proce- 
dure of step 60 is now complete. It has the result 
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that the valve is set initially to a datum setting for 
sitting, standing, or slow movements. 

The processor circuit 32 now waits for the 
program START signal from the operator control 
unit (step 62). If this is received, the microproces- 
sor circuit operates a teach routine (step 64) which 
will be described below. If not, the receiver is 
switched off. The end of the teach routine 64 also 
produces switching off of the receiver as repre- 
sented by step 56, and the valve is homed again in 
step 66 (which is performed in the same manner as 
the valve homing step 60). 

When the processor circuit 32 is operating in 
the teach mode, the processor circuit 32 continu- 
ously monitors movements of the limb in order to 
determine whether the limb is inactive, or, if the 
patient is walking or running, the speed of such 
walking or running. Thus, referring to Figure 5, the 
flexion sensor is monitored in a monitoring step 70 
insofar as pulses from the sensor are received in 
the microprocessor circuit 32. The spacing be- 
tween the pulses is measured by a counter loop; 
(only two successive pulses are required to estab- 
lish a measurement). These pulse intervals are 
processed to determine whether the movement of 
the limb is characteristic of the activation sequence 
described above. If so, the start-up routine 74 is 
activated (as described above with reference to 
Figure 4). In all other cases, a running average of 
the step period is calculated (step 76). If the step 
period represented by the running average is 
greater than two seconds, a speed register set up 
by the processor circuit is reset (step 78) and the 
next step period is counted. If no movement is 
detected for a predetermined period such as four 
seconds, the circuit 32 is programmed to cause the 
stepper motor to drive the valve to a value stored 
in the EEPROM store for standing or sitting. 

Averaging (step 76) may be performed by cre- 
ating a predetermined number, e.g. six, of calcula- 
tion registers and successively feeding them cor- 
responding number (six) step period counts, each 
register commencing with a different step. Thus, a 
first calculation register receives the counts for, 
say, steps 1 , 2, 3, 4, 5, and 6. The second calcula- 
tion register stores the counts for steps 2, 3, 4, 5, 
6, and 7, the third register receives the counts for 
steps 3, 4, 5, 6. 7, and 8, and so on, the contents 
of each register being added and divided to pro- 
duce a respective average value so as to yield a 
running average by reading the successive cal- 
culated averages one after the other at the same 
rate as the registers are being filled. In practice, 
the average is calculated by counting how many 
steps are taken between resets of the registers, 
ignoring the first and second step periods, adding 
together the next four and dividing by four. Other 
methods of calculating a running average can be 
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used. The running average is stored in a walking 
speed register which is being continuously updated 
with the new average values. In the teach mode, 
updating continues only so long as the values are 

5 representative of the patient walking. 

It will be appreciated, that having determined 
the walking speed in the above described manner, 
and given stored data in the form of a look-up table 
of valve settings associated with particular walking 

70 speeds, it is possible during use of the prosthesis 
to set the valve dynamically according to walking 
speed. The manner in which this stored data is 
produced will now be described with reference to 
Figure 6, which shows the teach routine performed 

rs by the processor circuit 32 which, it will be re- 
called, appears in the start-up and shut-down flow 
chart of Figure 4 as step 64. 

The teach routine involves the basic operations 
of a prosthetist using the operator control unit to 

20 designate certain walking speeds as "slow", "nor- 
mal", or "fast", the patient being led through a 
series of walking tests at the different speeds while 
the opening of the needle valve of the flexion 
control device is adjusted by remote control using 

25 the operator control unit until a satisfactory gait is 
obtained in each case. The optimum valve settings 
so obtained are stored by "saving" corresponding 
signals, and performing calculations to derive inter- 
mediate values so that data is stored in "final" 

30 registers set up by the processor circuit 32 repre- 
senting five speed ranges and five corresponding 
valve settings. When the receiver is switched off 
(step 56, Figure 4) this data is read into the EEPR- 
OM (38 in Figure 2). 

35 Now referring to Figure 6, the teach mode 

begins with checking for receipt of a CANCEL 
signal from the operator control unit (step 90), 
receipt of such a signal causes the final registers to 
be cleared and refilled from the EEPROM store 

40 (step 92). Next, the program seeks a speed selec- 
tion signal from the operator control unit. If this is 
received, a speed selection pointer is set either to 
slow, normal, or fast according to the signal re- 
ceived. In the absence of such a signal, the pointer 

45 defaults to normal (steps 94 and 96). 

The processor circuit 32 thus now knows the 
selected speed to which the next part of the proce- 
dure relates. In step 98, the circuit looks for de- 
pression of either the OPEN (decrease resistance) 

so or CLOSE (increase resistance) keys. Receipt of 
the signal corresponding to either causes the pro- 
cessor circuit to check the default settings of the 
standing and sitting register (referred to above in 
connection with the valve homing procedure) to 

55 determine the difference between the current valve 
position and the default setting so that the change 
in valve position resulting from one push of the 
OPEN key or CLOSE key is appropriately adjusted 
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to the produce the same subjective effect substan- 
tially regardless of valve opening. Accordingly, if 
the current valve position is between, say, zero and 
15 steps from the default position, a multiplier is 
set to cause the stepper motor to move at one step 
per key push. If, on the other hand, the current 
valve position is between 16 and 20 steps from the 
default position, the stepper motor is caused to 
move at two steps per key push, and so on with 
increasing steps for increasing difference from the 
default value. In effect, the multiplier is set to 
produce a logarithmic relationship between the 
valve movement and the valve opening with re- 
spect to the default position. These steps are re- 
presentative in Figure 6 by steps 98 and 100. A 
"selected position" register set up by the proces- 
sor circuit 32 now receives the new valve setting, 
and the stepper motor is driven to cause the valve 
to move appropriately (steps 102 and 104). At this 
point the current value of the running average of 
the step period is read into a selected speed 
register representing the chosen designated speed 
(slow, normal, or fast) (step 106). 

Next, the program checks for receipt of the 
SAVE signal from the operator control unit (step 
108), and in the absence of such a signal returns to 
the beginning of the loop represented by steps 90 
to 108. Initially, the teach routine allows the pros- 
thetist to try a succession of different valve open- 
ings until the optimum setting is reached. At this 
point, the prosthetist presses the SAVE key to 
cause the program to proceed to step 110 in which 
the contents of the selected speed register, i.e. 
signals representing the last received running aver- 
age step period and the last set valve position, are 
written to calculation registers. Of course, this step 
period and valve setting corresponds to just one of 
the selected speeds slow, normal, or fast. The 
calculation registers will already contain corre- 
sponding settings for the other two selected 
speeds, obtained either from previous walking tests 
or as default values. 

Next, the processor circuit performs in step 
112, calculation of boundary values for five speed 
ranges and five valve settings. This means that, in 
this preferred embodiment, the step periods mea- 
sured for slow, normal, and fast walking tests are 
considered to represent the centre values of first, 
third, and fifth step period ranges, while step period 
values halfway between the slow and normal 
periods and normal and fast periods respectively 
are considered to represent the centre values of 
second and fourth step period ranges. The bound- 
ary values are calculated accordingly. 

The three valve settings obtained from the cal- 
culation registers are considered to represent the 
optimum valve settings for walking speeds cor- 
responding to step periods within the first, third, 



and fifth ranges respectively, while settings midway 
between the valve settings stored in the calculation 
register are considered as the optimum settings for 
speeds corresponding to step periods within the 

5 second and fourth step period ranges. Again, these 
intermediate valve settings are calculated in the 
calculation step 112. At the same time inactive and 
emergency settings of the valve are generated 
which correspond to the setting for the slowest 

ro speed range. This calculated step period range and 
valve setting data (five values for each plus inactive 
and emergency (low battery voltage) valve settings) 
are written to the final register each time a calcula- 
tion is performed, i.e. after each SAVE command. 

75 At this point, the prosthetist may have com- 
pleted the walking tests, in which case he presses 
the program EXIT key which is sensed by the 
processor circuit in its checking step 116, causing 
the contents of the final register to be read to the 

20 EEPROM store (step 118) hence the program con- 
tinues with the shut-down routine represented by 
steps 56 and 66 of Figure 4 (step 120). If the 
prosthetist has not finished, no EXIT signal is re- 
ceived, and the teach routine is repeated from step 

25 90 through to step 1 16 again. 

It will be appreciated that the EEPROM now 
contains stored data representing five valve set- 
tings for five consecutive speed ranges which re- 
present the optimum settings for the individual pa- 

30 tient and which can be used during normal use of 
the prosthesis. It will be appreciated that a different 
number of speed ranges and corresponding valve 
settings can be used, the step period and the valve 
setting values being calculated appropriately. In- 

35 deed, discrete ranges may be dispensed with and 
the results of the walking tests may be used to 
define a continuous relationship between walking 
speed and valve opening, i.e. so that the valve 
opening can be altered in a stepless manner. 

40 It is possible to incorporate a checking step in 

the teach routine whereby when the EXIT key is 
pressed, the program reads the relative magni- 
tudes of the measured "slow", "normal" and "fast" 
step periods to check that the step periods are in 

45 the correct order of magnitude and, if necessary, 
re-allocates the "slow", "normal" and "fast" des- 
ignations for the step period and corresponding 
valve setting values to put the step periods into the 
correct order. Incorrect ordering can happen when, 

50 for example, the walking tests are carried out at 
spaced apart times, and when the patient is tested 
alternately tired and not tired. If the valve settings 
are in an incorrect order of magnitude, the software 
is arranged such that one or both of the slow and 

55 fast settings is altered to be the same as the 
normal setting to avoid inconvenience for the pa- 
tient until the tests are repeated. 
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The playback routine will now be described 
with reference to Figure 7. Referring to Figure 7, 
the processor circuit first monitors the flexion sen- 
sor in step 130 and measures and processes the 
output in step 132 so that, after checking whether 
the receiver is activated in step 134 (see the de- 
scription above for the activation procedure), the 
speed register can be updated with what can be 
referred to as the instantaneous value of the step 
period providing the receiver is off (step 136). In 
other words, rather than writing a calculated aver- 
age step period value to the speed register as in 
the teach mode, the playback routine causes each 
measured step period to be written directly to the 
speed register so that changes in the patient's 
pattern of movement- can be picked up imme- 
diately. 

If the receiver is activated, however, checks are 
performed to determine whether to enter the teach 
mode. Accordingly the receiver output is monitored 
(step 138) for the presence of a signal from the 
operator control unit. If a signal is detected, the 
valve homing procedure described above with ref- 
erence to Fig. 4 (step 140) is carried out. In the 
absence of such a receiver output signal, the 
speed register is updated with the so-called in- 
stantaneous step period value and then, while the 
playback routine is operating, the receiver output is 
monitored over a period of time, here four minutes, 
for the presence of an operator control unit signal, 
as shown in Fig. 7 as step 142. If a receiver output 
signal is detected during this period, again, the 
valve homing procedure is carried out. If not, the 
receiver is switched off (step 144) and the playback 
routine continues. 

When a receiver output signal is detected, 
whether immediately or during the four minute pe- 
riod, and the valve homing procedure 140 has 
been carried out, the detection 146 of a program 
start signal from the operator control unit via the 
receiver causes entry 148 into the teach routine 
described above with reference to Fig. 6. If no 
program start signal is detected, the receiver is 
switched off and the playback routine is continued. 

The next step in the playback routine, after 
updating of the speed register, is reading the 
speed register for the latest step period (step 150), 
followed by the comparison of the step period with 
zero (step 152). It should be understood that the 
contents of the speed register are zero so long as 
no flexion or extension is detected by the sensor 
24A, 24B (Fig. 1) within a predetermined time 
interval. Thus, if the speed register output is zero 
for greater than four seconds, the prosthesis is 
considered to be inactive, in which case the inac- 
tive valve setting stored in the EEPROM store is 
read to a current valve register and the stepper 
motor is driven to the corresponding valve setting 



(steps 154, 156). The program then links back to 
step 132. If, however, movement is detected, and 
the speed register output is greater than zero for at 
least four seconds, the step period is compared 

5 with the boundary values of the step period ranges 
stored in the EEPROM (step 158) to determine 
whether the indicated range is different from the 
range already set in a select register (step 160). If 
no difference is detected, the program links back to 

w the beginning of the playback routine, if a dif- 
ference is detected, the select register is up-dated 
(step 162), the corresponding valve setting for the 
new range is read from the EEPROM store and 
written to the current valve register (step 164) and 

75 the motor is driven to the setting corresponding to 
the value in the current valve register (step 156). 
The program then returns back to the beginning of 
the playback routine. 

The embodiment of the invention described 

20 above and shown in the drawings allows automatic 
control of knee movement to be programmed for 
most modes of use, from sitting and standing 
through slow walking, normal walking, and fast 
walking. It is possible, within the scope of the 

25 invention, to provide for programming for other 
modes of use such as running or other sporting 
activities. This can be done by extending the range 
of signals, e.g. step period values, which can be 
processed, and/or providing different patient-selec- 

30 tible modes. Thus, the control system may be 
operable in a walking mode in which the system is 
operated as described above, and in a special 
mode in which the same steps are performed in 
the teach and playback routines, except that dif- 

35 ferent values are used in the registers. For initial 
programming, the prosthetist selects the walking 
mode, and performs the teach routine as described 
above. When the teach routine has been com- 
pleted, and the program EXIT signal is given, the 

40 system operates in a playback mode as described 
above, using the values programmed for walking 
stored in walking registers. 

In this alternative embodiment, the operator 
control unit has a further key or keys for selecting 

45 between the walking mode and the special mode. 
If, now, the prosthetist selects the special mode, 
then the teach routine can be performed with the 
patient performing special mode activities, and 
special mode data is stored in a new set of regis- 

50 ters opened by the microprocessor. 

The patient is provided with a hand held mode 
selection controller allowing the receiver to be 
switched on, the desired mode to be selected, and 
the receiver to be switched off. When special mode 

55 is selected, the playback routine uses the contents 
of the new registers. 

Whether this alternative embodiment is used or 
the embodiment first described, the system has the 
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advantage that since the operator control unit com- 
municates via a wireless link the prosthetist can 
monitor the patient's performance from the most 
suitable position, and does not need to walk to the 
patient whenever a command signal is to be gen- 
erated. Full automation of determination of walking 
speed and continuous measuring and updating of 
the walking speed by the processor circuit removes 
much of the effort involved in operating the prior art 
system for determining walking speed. The con- 
sequent significant simplification also reduces the 
extent of specialised training required of the pros- 
thetist, and reduces the time necessary to reach 
optimum valve settings. As a result, it is possible in 
many cases for the patient to carry out the teach- 
ing procedure without intervention by the pros- 
thetist, the patient benefitting by direct feedback 
without the need for interpretation by the pros- 
thetist. In addition, the much reduced adjustment 
period significantly reduces the possibility of pa- 
tient fatigue influencing the results. 

The invention may be summarised, according 
to another aspect, as an adaptive prosthesis control 
system which comprises an electrically adjustable 
knee flexion control device for mounting in a lower 
limb prosthesis with a knee joint for controlling 
movement of the joint, a step sensor for generating 
a walking step signal indicative of the step period 
during walking, an electronic processing circuit as- 
sociated with and electrically coupled to the flexion 
control device and the step sensor, a receiver 
electrically coupled to the processing circuit for 
receiving electromagnetically or acoustically radi- 
ated command signals, and an operator unit ar- 
ranged to generate and radiate the command sig- 
nals. The command signals include flexion control 
device adjustment signals which are transmitted by 
the operator unit under the control of an operator. 
The processing circuit includes storage means, 
speed indicating means operable automatically 
both in a teach mode and a playback mode to 
convert the walking step signal periodically into a 
step period value, and control device setting means 
responsive during the teach mode to the adjust- 
ment' signals picked up by the receiver to cause 
alteration of a parameter of the flexion control de- 
vice and to generate signals indicative of a value of 
the parameter. The processing means further com- 
prises saving means responsive to a further com- 
mand signal received via the receiver from the 
operator unit to feed automatically to the storage 
means signals representative of the step period 
value and the parameter value associated with a 
selected instant in time for each of a plurality of 
different walking speeds in order to produce a set 
of stored data representing required parameter set- 
tings for the different speeds. The processing 
means also include playback means operable in 
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the playback mode to cause the flexion control 
device parameter to be adjusted at required times 
in accordance with the step period values derived 
from walking step signals sensed at those times by 

5 the step sensor and in accordance with the cor- 
responding parameter settings of the stored data. 

The system allows continuous processing and 
averaging of the walking speed or step period. In 
the teach mode the operator is able to alter the 

70 control device parameter by remote control, and to 
react in real time to each alteration by making 
further alterations. When a suitable setting for a 
particular speed of limb operation is achieved, the 
processing means can be remotely commanded to 

75 "save" that setting and automatically to calculate a 
new set of control data based on the new setting 
and previous settings for other walking speeds. The 
processing means is thus able to perform on-line 
calculation of control data for use in the playback 

20 mode. The processing means on the limb is auto- 
matically able to gather and process data. Ail oper- 
ator commands are carried out by remote control 
in the preferred system. 

25 Claims 

1. An adaptive control system for an artificial 
limb, comprising: 

a limb movement control device for mount- 
30 ing on the limb; 

a sensor for generating electrical sensor 
signals in response to movement of the limb; 

an electronic processing circuit electrically 
coupled to the sensor and the control device; 
35 a remote operator control unit for the 

transmission of command signals to the limb; 
and 

a receiver to form part of the limb and 
coupled to the processing circuit for receiving 

40 the command signals, 

wherein the processing circuit includes 
data generating means operable in a teach 
mode and a playback mode of the processing 
circuit automatically and repeatedly to gen- 

45 erate measurement data values related to the 

speed of operation of the limb in response to 
the sensor signals, 

control device setting means operable in 
both modes to feed setting signals to the con- 

50 trol device for adjusting a parameter of the 

control device, the setting means further being 
operable in the teach mode to feed the setting 
signals to the control device according to pa- 
rameter values generated in the processing 

55 circuit in response to the command signals 

received by the processing circuit via the re- 
ceiver from the remote control unit for adjust- 
ing the control device parameter under oper- 
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ator control during operation of the limb, 

means for processing the parameter val- 
ues representing selected settings of the con- 
trol device together with the associated said 
measurement data values to generate a set of 
control data representing a relationship be- 
tween speed of limb operation and control 
device settings, and 

storage means for storing the set of con- 
trol data, 

the setting means being further operable 
during the playback mode as the limb is op- 
erated to process the resulting said measure- 
ment data values in conjunction with the stored 
set of control data to generate the said setting 
signals for the control device, whereby the 
control device is automatically adjusted ac- 
cording to the speed of the limb operation. 

2. A system according to claim 1, wherein in the 
control device is a knee flexion control device 
for mounting in an above-knee lower limb pros- 
thesis and wherein the control device param- 
eter is the resistance to movement. 

3. A system according to claim 2, wherein the 
control device is a piston and cylinder assem- 
bly having a valve and a electric motor coup- 
led to the valve for altering the degree of 
opening of the valve. 

4. A system according to claim 2 or claim 3, 
wherein the sensor is arranged to produce 
pulsed sensor signals, one pulse being gen- 
erated for each step taken. 

5. A system according to any preceding claim, 
wherein the operator remote control unit in- 
cludes a transmitter for transmitting the com- 
mand signals to the receiver as electromag- 
netically radiated signals. 

6. A system according to any of claims 2 to 4, 
wherein the data generating means is operable 
continuously during both the teach mode and 
the playback mode to generate measurement 
data values which are running averages of step 
periods as the limb is operated. 

7. A system according to any preceding claim, 
wherein the processing circuit further includes 
saving means responsive to a further com- 
mand signal received via the receiver from the 
remote control unit to feed automatically to the 
storage means signals representative of the 
measurement data value and the parameter 
value associated with a selected instant in time 
for each of a plurality of different limb opera- 



tion speeds. 

8. A system according to claim 7, wherein the 
said means for processing are operable in 

5 response to each operation of the saving 

means to calculate automatically a series of 
measurement data boundary values based on 
measurement data values selected during the 
teach mode to define a plurality of measure- 

ro ment data value ranges. 

9. A system according to claim 8, wherein the 
said means for processing are operable auto- 
matically to calculate interpolated parameter 

15 values to provide a set of parameter values to 

correspond to the measurement data value 
ranges. 

10. A system according to any preceding claim, 
20 wherein the remote control unit has control 

means for increasing and decreasing the con- 
trol device parameters. 

11. A method of controlling an artificial limb In 
25 which, during a teach phase, movement of the 

limb is automatically and repeatedly monitored 
by electronic means forming part of the limb 
with a series of measurement data values re- 
lated to the speed of operation of the limb 

30 being generated in the electronic means, a 

remote control unit is operated in conjunction 
with a receiver forming part of the limb during 
operation of the limb to transmit command 
signals to the limb which are processed by the 

35 electronic means to generate setting signals 

for adjusting a limb movement control device 
of the limb with the object of improving limb 
operation, data generated in the electronic 
means and representing selected settings of 

40 the control device are processed in the elec- 

tronic means together with the associated said 
measurement data values to generate a set of 
control data representing a relationship be- 
tween speed of limb operation and control 

45 device settings, and the set of control data is 

then stored in the electronic means, and in 
which method, during a playback phase, the 
movement of the limb is automatically and 
repeatedly monitored by the electronic means 

50 to generate a series of measurement data val- 

ues related to the speed of operation of the 
limb which are the processed by the electronic 
means in conjunction with the stored set of 
control data to generate appropriate control 

55 device setting signals for automatically adjust- 

ing the control device according to the speed 
of limb operation. 
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12. A method according to claim 11 for controlling 
knee movements of an above-knee lower limb 
prosthesis, wherein the selected settings of the 
control device correspond to different degrees 
of resistance to knee movement. 

13. A method according to claim 12, wherein the 
control device is a piston and cylinder assem- 
bly and wherein operation of the control device 
comprises driving an electric motor to alter the 
degree of opening of a valve in the assembly. 

14. A method according to claim 12 or claim 13. 
wherein the speed of operation of the limb is 
monitored using a sensor which produces a 
pulsed signal when the limb is operated, the 
processor circuit measuring the pulse repeti- 
tion rate. 



polated settings to provide a set of control 
device setting values to correspond to the 
measurement data value ranges. 

20. A method according to any of claims 11 to 19, 
wherein the command signals include control 
device incrementing signals for increasing or 
decreasing a parameter of the control device in 



10 

21. A lower limb prosthesis including the control 
device, sensor, processing circuit and receiver 
of the control system of claim 2, the control 
device being secured to a thigh component 
75 and a shin component of the prosthesis. 



15. A method according to any of claims 11 to 14, 20 
wherein the command signals are transmitted 

to the receiver as electromagnetic radiation. 

16. A method according to any of claims 12 to 14, 
wherein the measurement data values are con- 25 
tinuously generated by the electronic means 

as a series of running averages of the step 
period during both the teach phase and the 
playback phase as the limb is operated. 

30 

17. A method according to any of claims 11 to 16, 
including generating in the remote control unit 
a further command signal, and, in the elec- 
tronic means, causing, in response to the fur- 
ther command signal, selection and storage of 35 
the measurement data value and the control 
device setting associated with the instant in 
time the further command signal is transmitted, 
whereby control device settings and measure- 
ment data values can be selected and saved 40 
for a plurality of different respective speeds of 
operation. 

18. A method according to claim 17, wherein the 
processing of the selected control device set- 45 
tings and measurement data values to gen- 
erate the control data set is performed in re- 
sponse to the said saving. 

19. A method according to claim 17, wherein the so 
processing of the selected control device set- 
tings and measurement data values comprises 
calculation of a series of measurement data 
boundary values based on the selected mea- 
surement data values to define a plurality of 55 
different consecutive measurement data value 
ranges, and wherein the processing of the con- 
trol device settings comprises calculating inter- 
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